MHC typing for human hematopoietic cell transplantation (HCT) from unrelated donors is currently performed by using a combination of serologic and molecular techniques. It has been determined that allelic differences in human MHC molecules, revealed by nucleotide sequencing but not by serologic typing, substantially influence graft rejection and graft-versus-host disease, two serious complications of clinical HCT. We studied transplantation of purified hematopoietic stem cells in a series of mouse strains that were matched at the MHC but had different background genes, and we observed striking differences in engraftment resistance and graftversus-host disease severity, both factors depending on the donorrecipient strain combination. The individual mouse lines studied here were established nearly a century ago, and their MHC types were determined exclusively by serologic techniques. We considered the possibility that serologically silent MHC polymorphisms could account for our observations and, therefore, we performed DNA sequencing of the class I and II MHC alleles of our mouse strains. At each locus, exact homology was found between serologically MHC-matched strains. Our results likely extend to all serologically MHC-matched mouse strains used in modern research and highlight the profound and variable influence that non-MHC genetic determinants can have in dictating outcome after HCT.
I
n clinical allogeneic hematopoietic cell transplantation (HCT), matching of donors and recipients at the MHC is considered essential to minimize graft-versus-host disease (GVHD) and graft rejection. Related donors are usually siblings who have inherited the same parental alleles and thus encode MHC molecules (designated HLA in humans) genotypically identical to the patient. Because related donors are often unavailable, MHC-matched unrelated donors are sought by volunteer bone marrow (BM) donor registries. Historically, human MHC typing has been performed by using panels of alloantibodies derived from individuals exposed to HLAs by pregnancy or transfusion (1) . In the last decade, such serologic typing has given way to the more precise DNA-based technology, which has revealed that in Ͼ20% of serologically matched unrelated donors, sequence polymorphisms exist in class I and͞or class II MHC molecules (2-7). Thus, serologically defined HLAs can encode families of alleles whose differences are distinguishable only by DNA-based typing methods. These polymorphisms encode amino acid substitutions that cluster within the MHC peptide binding groove and, although serologically silent (2, 8) , can influence T cell activation. It has been shown in human HCT that the consequences of these serologically undetectable differences include increased risks of GVHD and mortality when the disparities are in the MHC class II loci (7, 9) and increased graft failures in the cases of MHC class I disparities (2, 3, 10) .
Polymorphisms at non-MHC genes encoding for minor histocompatibility antigens (mHAgs) can also induce GVHD and͞or graft rejections. mHAgs are peptide antigens derived from normal cellular proteins that elicit MHC-restricted T cell responses (11) . The importance of mHAgs in human transplantation is proven by the observation that even MHC-identical sibling pairs can develop these complications, although the frequency and degree of complications are highly variable among donor-recipient pairs. The identity of the mHAg(s) that consistently cause these complications has not been determined. Both quantitative and qualitative genetic differences between donor and recipient have been proposed to explain the observed heterogeneities. A simple quantitative explanation is that the number of mismatched mHAgs differs among different donorrecipient pairs. Qualitative explanations include the hypothesis that the immunogenicity of different mHAgs may vary depending on the pool of responding T cells selected according to the unique set of background genes in the donor versus recipient, or alternatively, on polymorphisms of immune regulatory molecules, which dampen or augment immune responses (12) and interact with mismatched mHAgs to modify GVHD and other complications (13, 14) .
To better understand and characterize these non-MHC genetic factors of allogeneic HCT in an experimental model, we studied transplantation of purified hematopoietic stem cells (HSC) in a series of mouse strains that were matched at the MHC but had different background genes. It has been demonstrated by us (15) and others (16) (17) (18) that unfractionated BM contains non-HSC populations that can facilitate HSC engraftment. When HSC alone are transplanted, they are more strongly resisted as compared with BM. Thus, transplantation of HSC alone allowed us to detect the effects of subtle differences mediated by mHAgs in engraftment resistance in the absence of a confounding graft-facilitating population.
We observed striking differences in engraftment resistance and GVHD severity, both of which depended on the donorrecipient strain combination. The mouse strains used in this study diverged more than a century ago (Fig. 1) , and their MHC typing has been determined by serologic methods. Given the role of MHC sequence differences in determining outcomes after allogeneic HCT and the highly polymorphic nature of MHC molecules, we considered that the dramatic differences in outcome observed in our mouse models might have been influenced by previously unrecognized polymorphisms in the mouse MHC, rather than by non-MHC determinants alone. Therefore, we sequenced the MHC class I and II loci of the five H2 b or H2 k mouse strains used in our studies and compared the outcome Fig. 1 . The AKR͞J, BALB͞c, and combined C57BL͞6 and C57BL͞10 sublines were independently derived founding lines and provide nonoverlapping background genes for each pair (19) . The MHC donor for BALB.B was C57BL͞10, which is closely related to C57BL͞6 because both strains originally cosegregated in the black subline from crosses performed by C. C. Little (The Jackson Laboratory) with male and female littermates provided by Abby Lathrop (Granby, MA) (20) . In contrast, the MHC of the H2 k mice in this study was derived from three separate origins. C3H and C57BR mice were MHC donors for the BALB.K and B10.BR MHC congenic lines, respectively. The C3H strains were developed by Strong from a cross of a Bagg albino female with a DBA stock and then selected for a high incidence of mammary tumors (21) . C57BR was inbred from the brown subline of the same cross that gave rise to founders for the C57BL strains. AKR͞J was established by Furth from a leukemia-prone line that shared no clear common lineage to either C3H or C57BR (22 HSC Transplantation. Adult HSC were isolated by a modified procedure described by Spangrude et al. (23) . In brief, freshly harvested BM cells were selected for c-Kit (3C11) positivity with MidiMACS separation units (Miltenyi Biotec, Auburn, CA) and then sorted with multiparameter fluorescence-activated cell sorting (FACS) for a c-Kit ϩ (2B8), Thy1.1 lo-int (19XE5), and Sca-1 ϩ (E13-161) population that lacked expression of lineage markers (CD3, 145-2C11; CD4, GK1.5; CD5, 53-7.8; CD8, 53-6.7; B220, 6B2; Gr1, 8C5; Mac1, M1͞70; and Ter119). Purified HSC were infused by lateral tail-vein injection into recipient mice within 24 h of irradiation. BALB.B and BALB.K mice were given 800 cGy, and B10.BR mice were given 950 cGy of whole-body ␥ irradiation, delivered in two split doses Ͼ4 h apart. Survival after HSC transplantation was monitored daily for Ͼ100 days after transplantation.
GVHD Induction and Analysis. Single-cell suspensions of unseparated whole splenocytes were coinjected with 3,000 HSC from donor mice into lethally irradiated recipient mice. A dose of 3,000 purified HSC is fully radioprotective for all three MHC-matched mouse strain combinations. Whole splenocyte doses were 1.0 ϫ 10 7 , 1.5 ϫ 10 7 , and 2.0 ϫ 10 7 for BALB.K, B10.BR, and BALB.B mice, respectively. Survival, weight loss, and clinical signs of GVHD were monitored daily for 60 days after transplantation. Liver, terminal ileum, and skin were obtained at day 60 from surviving mice for histopathological analysis by an expert pathologist who was without knowledge of the experimental group. The GVHD scoring system has been described (24) .
Analysis of Engraftment by FACS and PCR.
Hematopoietic chimerism in the T cell compartment was assessed by FACS analysis using monoclonal antibodies against Thy1.1 (Ox-7) expressed by donor mice and Thy1.2 (53-2.1) expressed by recipient mice. Donor chimerism in the B cell and granulocyte compartments was determined by PCR for microsatellite marker targets on genomic DNA isolated from FACS-sorted B220 ϩ and Mac1͞Gr1 ϩ peripheral blood cells by using the QIAamp DNA Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Marker D8Mit224 provided informative polymorphisms for B6 3 BALB.B and AKR͞J 3 B10.BR transplants, whereas marker D6Mit3 was used for AKR 3 BALB.K recipients (25) . PCR was run with 100 ng of genomic DNA and 20 pmol of each primer in a 50-l reaction volume containing 1.5 mM MgCl 2 for 35 cycles with an annealing temperature of 57°C. Ethidium bromide-stained PCR products were analyzed by agarose gel electrophoresis.
MHC Class I and II Genotyping. For each mouse strain, cDNA sequencing readings through all exons encoding for external protein domains at the H2-K, H2-D, H2-E, and H2-A loci were obtained by using methodologies similar to those used for high-resolution MHC allele typing in humans (26) . Total RNA was purified from unstimulated whole splenocytes harvested from retired breeders with the RNeasy Mini Kit (Qiagen) and reverse transcribed to cDNA by using oligo(dT) primers and SuperScript II (Life Technologies, Grand Island, NY) according to the manufacturer's instructions. PCR was performed with locus-specific primers for 20-30 cycles by using 2-l aliquots of the cDNA template and an annealing temperature optimized for each primer set. PCR amplicons were purified with ExoSAP-IT (United States Biochemical) and sequenced by the DYEnamic ET dye terminator cycle sequencing reaction (Amersham Biosciences) in both forward and reverse directions by using a second set of locus-specific sequencing primers.
MHC Locus-Specific PCR Primers. H2K and H2D are mouse class I MHC antigens that form a complex with ␤ 2 -microglobulin on the cell surface. H2-A and H2-E ␣ and ␤ heterodimers are the class II MHC antigens expressed in our mouse strains. PCR primers for the MHC class I H2-K and H2-D loci amplified exons 2-4. PCR primers for the MHC class II H2-A␣, H2-A␤, H2-E␣, and H2-E␤ loci amplified exons 2 and 3. Primer sequences were as follows: H2-K, 5Ј-GGAACTCAGAAGTCTCGAATCG-3Ј and 5Ј-CCA-CAGCTCCAGTGACTATTGC-3Ј; H2-D, 5Ј-ACACCCGG-GATCCCAGATG-3Ј and 5Ј-CACAGCTCCAATGATGGCCA-3Ј; H2-A␣, 5Ј-GACCTCCCGGAGACCAGG-3Ј and 5Ј-CGC-CTTCCTTTCCAGGGT-3Ј; H2-A␤, 5Ј-CCTCTTGGCTGCTGT-TGTG-3Ј and 5Ј-TCCTTTCTGACTCCTGTGACG-3Ј; H2-E␣, 5Ј-ATTGGAGCCCTGGTGTTA-3Ј and 5Ј-TCCTTGTCG-GCGTTCTAC-3Ј; and H2-E␤, 5Ј-CTGTGTGGCAGCTGT-GATCCT-3Ј and 5Ј-CCTGTTGGCTGAAGTCCAGACT-3Ј. MHC Locus-Specific Sequencing Primers. A second set of oligonucleotides nested internally to PCR primers for each MHC locus was used for the sequencing reaction. Forward and reverse sequencing primer sequences, respectively, were as follows: H2-K, 5Ј-CTGCATGCTGCTCCTGCTGT-3Ј and 5Ј-AAGGA-CAACCAGAACAGCAA-3Ј; H2-D, 5Ј-GCACGCTGCTCCT-GCTGC-3Ј and 5Ј-AGGACACCCAGAACAGCAA-3Ј; H2-A␣, 5Ј-GTCCTCGCCCTGACCACC-3Ј and 5Ј-ACCACGATGC-CCACAAGG-3Ј; H2-A␤, 5Ј-CAGCCCAGGGACTGAGGG-3Ј and 5Ј-GCCAAGCCCGAGGAAGAT-3Ј; H2-E␣, 5Ј-CCA-GAAGTCATGGGCTATC-3Ј and 5Ј-AGACCCACAAA-CAACCCAAGAG-3Ј; and H2-E␤, 5Ј-GCTGACAGTGCT-GAGCCCTC-3Ј and 5Ј-AGCACGAAGCCCCCAACT-3Ј. Statistical Analysis. Survival was analyzed by using the KaplanMeier method, and differences among experimental groups were assessed by using the log rank test. Differences in the median observations were determined by using the Wilcoxon rank sum test. Statistical significance was conferred at P Ͻ 0.05.
GenBank Accession
Numbers. GenBank mRNA sequences and their accession numbers for MHC class I and II loci used as reference sequences for alignment are as follows
Results
Quantitation of Resistance to Engraftment. In three MHC-matched mouse strain combinations (B6 3 BALB.B, AKR͞J 3 B10.BR, and AKR͞J 3 BALB.K) resistance to allogeneic hematopoietic cell engraftment and GVHD was compared by transplanting purified HSC or HSC plus splenocytes, respectively. Engraftment resistance can be quantitated as the minimal HSC dose required for rescue of irradiated recipients (15) . In allogeneic HSC transplantation, engraftment resistance correlates with increased genetic disparity, with the strongest barriers observed in MHC mismatched mice. Furthermore, purified allogeneic HSC encounter greater resistance to engraftment as compared with unfractionated BM because the latter contains non-HSC populations that facilitate engraftment (16) . Even in highly disparate genetic combinations, resistance generally can be overcome by administration of high HSC doses. Host-versus-graft immune responses between MHCmatched mice, on the other hand, may be subtle and may require the accurate and reliable quantitation of graft rejection by an HSC radioprotection assay to detect.
Purified HSC were isolated from mouse BM by FACS based on a composite surface phenotype of high staining for c-Kit and Sca-1, intermediate staining for Thy-1.1, and negative staining for lineagespecific markers. The Thy-1 lo Lin Ϫ Sca-1 ϩ c-Kit ϩ cells constitute a rare population in mouse BM and are enriched 2,000-fold for HSC activity. One hundred to two hundred of such HSC-enriched cells consistently rescue 90-100% of lethally irradiated syngeneic recipient mice (27) , whereas Ϸ1-2 ϫ 10 5 unfractionated syngeneic BM cells are required to achieve equivalent radioprotection (28) . Titrated numbers of purified HSC were injected after lethal irradiation of recipients. In the B6 3 BALB.B combination, the barrier to engraftment was essentially at the same low level required for radioprotection of syngeneic͞congenic recipients (23, 27) , with only 250 HSC rescuing Ͼ80% and 500 HSC rescuing 100% of irradiated recipients ( Fig. 2A) . The HSC dose required for radioprotection was slightly higher (P ϭ 0.01) in AKR͞J 3 B10.BR transplants, in which 250 HSC rescued Ͻ40% but 500 HSC still rescued 100% of recipient mice (Fig. 2B) . The highest (P Ͻ 0.001) HSC rescue dose requirement was observed in the AKR͞J 3 BALB.K combination, in which 500 HSC rescued 0% and Ͼ3,000 HSC were required to rescue 100% of recipients (Fig. 2C) . The 3,000 HSC dose needed for AKR͞J rescue of irradiated BALB.K mice approaches the HSC dose requirement for rescue of MHC-mismatched mice (15) and represents a Ͼ6-fold increase compared with the B6 3 BALB.B and AKR͞J 3 B10.BR transplants. Multilineage donor engraftment was confirmed Ͼ6 weeks posttransplantation in surviving mice by FACS analysis for T cell chimerism (Fig. 2D ) and in some instances by PCR testing of genomic DNA extracted from B220 ϩ and Mac1 ϩ ͞Gr1 ϩ blood cells sorted by FACS for microsatellite markers informative among donor-recipient pairs (Fig. 2E) . All surviving mice were reconstituted with full B cell, granulocyte, and mixed T cell donor chimerism, which is characteristic of irradiated mice rescued with purified HSC (15, 16, 29) .
GVHD. Severity of GVHD in these MHC-matched mouse strains was determined by studying survival (Fig. 3A) and weight change (Fig. 3 B and C) after cotransplantation of 1.0-2.0 ϫ 10 7 splenocytes plus purified HSC into lethally irradiated mice. All control irradiated mice given MHC-matched HSC alone survived to day 60 without evidence of GVHD and recovered to baseline weight, which was maintained until the end of the experiment. Irradiated BALB.B mice given B6 HSC plus splenocytes died at a median of 22 days with progressive weight loss and clinical signs of acute GVHD, including hunched posture and diarrhea. This severity of GVHD was consistent with prior observations involving the B6 3 BALB.B strain combination (30) . Somewhat more striking, BALB.K mice given AKR͞J splenocytes plus HSC developed an aggressively lethal GVHD with a median survival time of only 9 days. In contrast, B10.BR mice given AKR͞J HSC with splenocytes developed only clinically mild GVHD (primarily manifested by a failure to recover beyond 5% below baseline weight) without lethality by day 60. The mild GVHD in surviving B10.BR recipients of AKR͞J HSC plus splenocytes was further studied by histological examination of tissue at 60 days posttransplantation. Skin, terminal ileum, and liver, the tissue targets of acute GVHD, revealed histologic features consistent with mild GVHD limited to the liver (Fig. 3  D and E) . No significant evidence of GVHD was noted in the other tissues examined or in the tissues of recipients of HSC only.
MHC Allele Typing by DNA Sequencing.
The above experiments demonstrated wide variability in engraftment resistance and GVHD severity after HSC transplantation in three MHC-matched mouse pairs that recapitulate results seen with human HCT. Routine MHC typing in mice has been based solely on serologic characterization of MHC antigens with polyclonal antisera and monoclonal antibodies (31) . In humans, however, it is known that a single serologically defined class I or II MHC antigen can contain an entire family of different alleles (32) . These MHC molecular differences correlate with graft rejection and hold significant predictive value for severe GVHD (2-5, 9). DNA sequences of mouse class I and II MHC genes in public databases have come primarily from studies of structural diversity among different H2 alleles, and thus serologically defined alleles have rarely been sequenced in more than a single mouse strain (33) . We considered, therefore, that a likely explanation for the observed differences among the mouse strain combinations tested here might be subtle MHC nucleotide sequence polymorphisms undetected by serologic analysis. To exclude the presence of such polymorphisms, nucleotide sequencing of H2-K, H2-D, H2-A, and H2-E cDNA was performed on all mouse strains in our study. As shown in Table 1 , complete nucleotide sequence homology was observed at all expressed MHC class I and II loci when aligned for interstrain comparisons among the three MHC-matched mouse pairs. Furthermore, for each locus our sequences were in complete agreement with publicly accessible mRNA sequences matched for either H2 b or H2 k haplotypes. H2-E␣ is transcriptionally silent in H2 b mice (34) and, before this study, had not been sequenced for any H2 k haplotype mouse strain. H2-A␤ b genomic DNA has been sequenced for B6, and the predicted mRNA sequence matches our H2-A␤ b cDNA sequence (35) . We conclude, therefore, that complete nucleotide homology exists at the MHC matched among the strains in this study, and thus, serologically silent MHC mismatches are excluded as a possible explanation for our hematopoietic graft outcomes.
Discussion
Herein, we show significant variation in resistance to allogeneic hematopoietic cell engraftment and in development of GVHD for different donor͞host mouse strain combinations that are MHC matched. Because the mice in our study carry nonoverlapping sets of background genes, these data highlight the role of non-MHC genetic determinants in influencing the variation in outcome after HCT. In addition, resistance to engraftment and GVHD appear to be controlled by separate determinants because in at least one of three strain combinations studied there was no correlation between resistance and GVHD development.
The cumulative effect of the mHAg differences among AKR͞J 3 BALB.K recipients resulted in HSC engraftment resistance and GVHD severity proportionate with that expected from fully allogeneic mismatched mice disparate at major rather than minor histocompatibility loci. In contrast, HSC transplanted into BALB.B mice encountered little engraftment resistance, but transfer of B6 splenocytes plus HSC resulted in fulminant GVHD. The identity and function of the mHAgs that control these clinical outcomes have not been determined. For GVHD in the B6 3 BALB.B strain combination, a strongly immunogenic mHAg (designated H60) that is encoded by a gene expressed on the BALB but not the C57BL͞6 background has recently been described (36, 37) . Although it is possible that polymorphisms in expressed gene products that serve as direct antigenic stimuli for alloreactive T cells are responsible for inducing responses in the host-versus-graft (resistance) or GVHD direction, more complex interactions may mediate these effects. These interactions can include epigenetic interplay between a mismatched mHAg and modifying loci, such as molecules that regulate immune responses that result in augmentation or attenuation of alloreactive responses. To understand more precisely the genetic basis of outcome after MHC-identical allogeneic HCT, it may be possible to identify genetic susceptibility loci in the BALB.K recipients of AKR grafts that induce or protect from GVHD by using a positional cloning strategy.
To study the impact of mHAgs here it was essential to formally exclude serologically silent MHC polymorphisms among different strains of inbred mice bearing the same serological H2 haplotype. The absence of such allelic subgroups within a serologically defined MHC haplotype had never been disproved and was considered a possibility because studies of wild mouse populations have shown H2 diversity to be rather extensive (38) . Furthermore, exhaustive large-scale screening for rejection of parental tail-skin graft in a single mouse colony identified many intra-MHC mutations (H2 bm ) that arose spontaneously during the 25-year observation period (39) . It is intriguing that these mutations, which occurred on class I as well as class II H2 antigens, often mirrored HLA polymorphisms by encoding for subtle amino acid substitutions at key contact residues in the peptide binding groove. We found no evidence for allelic subgroups in the haplotypes and strains in these experiments.
The fact that MHC polymorphisms were not present in the mouse strain combinations studied here further suggests that undetected polymorphisms are likely not present in most commonly used inbred mice that are serologically MHC identical. Collectively, the origins of the MHC genes in our mice trace back to DBA, BALB͞c, both black and brown sublines of C57, and the independent AKR͞J line. Although limited to H2 b and H2 k haplotypes, the mouse strains in this study reflect diverse MHC derivations that sample a significant cross section of major genealogical lineages (19, 40) . Our findings likely reflect a population bottleneck derived from the limited number of often historically murky mouse suppliers Thy-1 lo Lin Ϫ Sca-1 ϩ c-Kit ϩ HSC, alone or with whole splenocytes. Recipients of purified HSC grafts did not develop signs of GVHD. B10.BR recipients of AKR͞J HSC plus splenocytes recovered to within 5% of baseline weight but did not display overt signs of GVHD, and all mice survived to day 60. In contrast, transplantation of HSC plus splenocytes into irradiated BALB.B and BALB.K mice from B6 and AKR͞J donors, respectively, resulted in lethal GVHD that was particularly aggressive in the latter, with a median survival time of 9 days (P ϭ 0.003, compared with B10.BR mice given AKR͞J HSC plus splenocytes). (D and E) Liver, terminal ileum, and skin were obtained from surviving B10.BR mice on day 60 for pathology assessment. Significant pathologic evidence of GVHD with a median score of 2 was limited to liver of B10.BR mice given HSC plus splenocytes (P ϭ 0.008, compared with mice given HSC alone), the histology of which revealed portal lymphoid infiltrates and focal bile duct invasion (arrowheads in E) without biliary ductal regeneration.
(some now known only as ''the dealer from Ohio'' or ''the Pennsylvania supplier'') who contributed to the founding lines of contemporary inbred mice nearly a century ago (19, 40) . It is also possible that protection from parasites and microbial pathogens, due to housing in closed colonies, may have mitigated selective pressures that otherwise could have promoted adaptive MHC polymorphic evolution in modern inbred laboratory mice. Finally, the results of our studies are a testament to the care and accuracy of the mouse handlers who have bred these animals through many decades and avoided interstrain contaminations that could have resulted in intra-MHC recombinants. 
